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The  present  study  investigates  the  characteristics  of  Moderate  or  Intense  Low-oxygen  Dilution  (MILD) 
oxy-combustion  in  a  laboratory-scale  furnace.  Experiments  using  natural  gas  (NG),  liquefied  petroleum 
gas  (LPG)  and  ethylene  (C2H4)  are  carried  out  at  a  firing  rate  of  13  kW.  The  furnace  temperatures  and 
exhaust  emissions  are  measured  for  a  range  of  equivalence  ratios  and  external-C02  dilution  rates. 

It  is  observed  that  MILD  combustions  occur  for  the  three  fuels  even  when  using  pure  oxygen  as  oxidant. 
When  diluting  oxidant  by  C02  at  a  fixed  rate,  the  MILD  combustion  can  be  established  as  long  as  the 
equivalence  ratio  ( <P )  is  sufficiently  high.  The  region  of  MILD  combustion  is  found  to  be  wider  with  dilu¬ 
tion  by  C02  than  by  N2.  Notably,  also,  the  operating  range  of  MILD  combustion  is  larger  for  NG  than  LPG  or 
C2H4  as  fuel. 

Moreover,  when  <f>  <  1,  as  0  is  increased,  the  furnace  temperature  rises  slightly  but  the  NO*  emission 
decreases.  This  cannot  be  explained  when  using  the  traditional  thermal  NOx  mechanism.  Indeed,  using 
various  NO  mechanism  models,  our  calculations  show  very  low  NO  emissions  resulting  from  the  thermal, 
prompt  and  NNH  routes  but  a  much  higher  value  from  the  N20-intermediate  route.  Namely,  only  the 
latter  mechanism  plays  a  crucial  role  in  forming  NO.  Also  important  is  that  the  NO  reburning  appears 
to  reduce  NO  emissions  notably  and  so  should  not  be  ignored  in  the  MILD  combustion. 

©  2013  The  Combustion  Institute.  Published  by  Elsevier  Inc.  All  rights  reserved. 


1.  Introduction 

Oxy-combustion  has  generated  significant  interest  for  carbon 
capture  and  storage  (CCS)  [1-3].  This  technology  also  has  addi¬ 
tional  benefits  such  as  emission  reduction  and  lower  costs  of  flue 
gas  cleanup  [4-6].  By  eliminating  nitrogen  from  the  combustion 
medium,  the  flue  gas  will  consist  mainly  of  C02  and  H20. 
Recirculated  combustion  products  are  used  for  diluting  a  nearly 
pure  02  stream.  Due  to  the  higher  heat  capacity  and  radiative  prop¬ 
erties  of  C02  compared  to  N2,  an  increased  initial  oxygen  concen¬ 
tration  (23-35%)  for  this  combustion  is  required  to  achieve  gas 
temperatures  and  heat  transfer  performances  similar  to  those  in 
air-fuel  combustion  [7,8].  The  flue  gas  can  then  undergo  a  conden¬ 
sation  process  to  remove  H20  to  end  up  with  a  flue  gas  that  con¬ 
sists  almost  entirely  of  C02.  The  nearly  pure  C02  product  stream 
obtained  via  this  process  is  suitable  for  use  in  enhanced  oil  recov¬ 
ery  (EOR),  coal  bed  methane  (CBM)  production,  or  geologic  seques¬ 
tration  [9[.  More  recently,  this  technology  has  been  adopted  to 
substitute  the  original  integrated  gasification  combined  cycles 
(IGCC)  plan  in  the  US  DOE  FutureGen  2.0  program  [10],  Details 
on  the  characteristics  [4,6,11,12]  and  combustion  process  [4],  as 
well  as  recent  developments  in  plot-scale  and  commercial-scale 
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demonstration  plants  [13]  of  the  oxy-fuel  combustion,  can  be 
found  in  the  above  mentioned  articles. 

While  successful,  the  technology  still  faces  many  challenges  [4]. 
At  least  three  features  of  the  oxy-fuel  combustion  process  need  to 
be  better  understood:  (a)  the  approach  of  further  increasing  the 
thermal  performance  of  the  system,  (b)  the  subsequent  potential 
of  NOx  forming,  due  to  leakage  of  air  (air-ingress)  or  nitrogen  in 
the  fuel  itself  [5],  and  (c)  the  challenge  of  improving  the  stabiliza¬ 
tion  of  oxy-fuel  combustion  due  to  the  lower  adiabatic  flame 
temperature,  delayed  ignition  and  lower  burning  rate  in  a  C02 
diluted  environment  [4,14-16].  However,  the  increase  of  the  flame 
temperature  and  combustion  intensity,  which  is  one  of  the 
approaches  for  further  increasing  the  thermal  performance,  often 
comes  at  the  price  of  high  pollutant  emissions  (e.g.,  NOx)  [17]. 
Although  NO*  emissions  can  be  controlled  by  air  or  fuel  staging, 
or  low-NOx  burner  technology,  the  flame  temperature  is  also 
decreased  undesirably.  It  is  difficult  to  simultaneously  satisfy  the 
requirements  of  high  efficiency  and  low  pollution  in  oxy-fuel  com¬ 
bustion  process.  One  way  of  addressing  this  is  to  use  the  principle 
of  MILD  combustion. 

MILD  combustion  is  an  efficient  and  clean  combustion  technol¬ 
ogy  [18-26].  Extremely  low  NOx  emission  and  simultaneously  high 
thermal  efficiency  can  be  achieved  in  the  MILD  combustion  pro¬ 
cess.  To  our  best  knowledge,  the  three  groups,  i.e.,  Wimning  and 
Wiinning  [20],  Nippon  Furnace  Kogyo  Kaisha  Ltd.  (NFK-Japan) 
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Nomenclature 

Symbols 

area  of  the  nozzle  exit  (m2) 

P 

thermal  input  power  rate  (kW) 

Ao 

r 

furnace  temperature  (K) 

CP 

volumetric  heat  capacity  at  constant  pressure  (kj / 

TP 

preheat  temperature  of  oxidant 

(m3  K)) 

Tad 

adiabatic  flame  temperature  (K) 

Dex 

diameter  of  the  exhaust  outlet  (mm) 

Tmax 

maximum  temperature  (K) 

Df 

diameter  of  the  fuel  nozzle  exit  (mm) 

Tw 

furnace  wall  temperature  (K) 

Do 

diameter  of  the  oxidant  nozzle  exit  (mm) 

Uo 

velocity  of  the  initial  reactant 

h 

lower  heating  value  of  the  fuel  (kj/kg) 

yf 

1  C02 

initial  mass  fraction  of  C02  in  the  fuel  jet  (%) 

J 

jet  momentum  rate  (kg  m/s2) 

yo 

1  C02 

initial  mass  fraction  of  C02  in  the  oxidant  jet  (%) 

if 

fuel  jet  momentum  rate  (kg  m/s2) 

Y° 

1  02 

initial  mass  fraction  of  02  in  the  oxidant  jet  (%) 

Jo 

oxidant  jet  momentum  rate  (kg  m/s2) 

K 

relative  recirculation  rate 

Greek 

letters 

K 

external  relative  dilution  rate 

X 

thermal  conductivity  (W/(m  K)) 

Md 

total  mass  flow  rate  of  diluents  (kg/s) 

CL 

mass  diffusivity  in  air  (m2/s) 

Me 

mass  flux  of  the  external  diluents  (kg/s) 

D 

kinematic  viscosity  (m2/s) 

Mf 

fuel  jet  mass  flux  (kg/s) 

Po 

density  of  the  initial  reactant  (kg/m3) 

M, 

mass  flux  of  internal  entrained  exhaust  gas  (kg/s) 

<z> 

equivalence  ratio 

M0 

oxidant  jet  mass  flux  (kg/s) 

ma 

jet  mass  flux  (kg/s) 

[19,21]  and  the  International  Flame  Research  Foundation  (IFRF) 
[22,23],  have  originally  been  involved  in  the  development  of  this 
technology.  In  the  German  path  [20,24],  from  the  early  1990s,  this 
technology  was  named  as  flameless  oxidation  (FLOX).  In  the  period 
from  1992  to  1999,  the  NFK-Japan  and  the  IFRF  worked  together 
and  the  Japan-IFRF  design  [19]  was  distinct  from  the  design  of 
Wtinning  and  Wiinning  [20],  The  IFRF  reports,  e.g.,  [25],  in  the  per¬ 
iod  from  1992  to  1999  and  the  journal  publications,  e.g.,  Weber 
et  al.  [23],  described  the  experimental  and  numerical  results.  Later, 
Cavaliere  and  Joannon  et  al.  [18,26]  introduced  the  acronym  MILD 
for  the  technology,  which  has  been  well  recognized  by  the  interna¬ 
tional  combustion  community. 

The  main  advantages  of  MILD  combustion  are  uniform  tempera¬ 
ture  distribution,  increased  net  radiation  flux,  extremely  low  NOx 
emissions  and  the  stable  operating  of  the  combustion  mode  without 
flame  stabilization  problem  [20,27-33],  Theoretically,  if  the  oxy- 
fuel  technology  is  combined  with  the  MILD  technology  to  achieve 
the  MILD  oxy-fuel  combustion,  the  thermal  efficiency  may  be  im¬ 
proved  and  simultaneously  the  NOx  emission  may  be  suppressed. 
Hence,  the  MILD  oxy-combustion  may  have  the  potential  to  offer 
more  advantages  over  the  standard  oxy-combustion  [4J. 

Although  a  good  volume  of  work  has  been  carried  out  in  the 
separate  field  of  the  MILD  combustion  [28-33]  and  the  oxy-fuel 
combustion,  the  information  on  the  combination  of  the  MILD  com¬ 
bustion  and  oxy-fuel  combustion  is  limited.  The  IFRF  tested  MILD 
oxy-NG  combustion  in  a  project  called  OXY-FLAM  [34,35]  in  the 
period  from  1995  to  1999,  although  without  C02  recirculation. 
The  project  dealt  both  with  the  detailed  characterization  of  oxy- 
combustion  burners  and  with  the  validation  of  new  computer 
codes  as  sub-models  for  oxy-NG  combustion  calculations.  The 
experimental  work  included  input-output  and  measurements  in 
flames  in  the  thermal  input  range  0.7-1. 0  MW.  They  found  good 
predictions  by  using  the  eddy  dissipation  concept  mode  with  the 
full  equilibrium  chemistry  procedure  [34,35].  Blasiak  et  al.  [36]  ap¬ 
plied  the  oxy-NG  combustion  to  thermal  treatment  processes  of 
wastes  and  the  recovery  of  zinc  bearing  feed  on  a  rotary  kiln.  They 
found  that  the  MILD  oxy-combustion  not  only  increases  the 
productivity  of  the  rotary  kiln  but  also  reduces  the  fuel  consump¬ 
tion  and  NOx  emissions.  Krishnamurthy  et  al.  [37]  compared  con¬ 
ventional  and  MILD  oxy-combustion  under  similar  conditions 
using  propane  as  fuel  (200  kW).  They  found  that  the  MILD 


oxy-combustion  can  be  achieved  by  asymmetric  injection  of  high 
velocity  oxygen  (at  near  sonic  velocities).  They  also  found  that 
the  soot  formation  was  negligible  in  MILD  and  was  higher  in  con¬ 
ventional  flame  mode.  Krishnamurthy  et  al.  [38]  also  found  that 
the  NOx  emission  of  MILD  oxy-combustion  can  be  maintained  at 
very  low  levels  and  is  insensitive  to  air-ingress.  The  air  leakage 
was  indicated  by  the  amount  of  oxygen  in  the  flue  gases.  For  con¬ 
ventional  flame  combustion,  the  NOx  emission  increases  as  oxygen 
level  of  the  exhaust  increases.  Their  test  was  performed  in  a  pilot- 
scale  furnace  (8  m3)  where  air-ingress  into  the  combustion  cham¬ 
ber  was  simulated  by  leaking  air  into  it,  in  order  to  raise  the  free 
oxygen  content  in  the  combustion  gases.  The  oxygen  content  was 
measured  in  the  furnace  flue  gas  outlet.  Stadler  et  al.  [39]  devel¬ 
oped  a  high  speed  injection  MILD  oxy-combustion  100  kW  burner. 
Their  experimental  setup  has  successfully  achieved  stable  MILD 
oxy-combustion  with  15%  oxygen  volume  concentration  as  com¬ 
pared  to  17%  with  a  standard  swirl  burner.  Stadler  et  al.  [40]  also 
found  that  the  flue  gas  recirculation  led  to  a  reduction  of  NOx  emis¬ 
sions  of  up  to  50%  for  the  swirl  flame,  whereas  in  MILD  combustion 
this  reduction  is  around  40%  compared  to  C02/02.  Heil  et  al.  [41] 
presented  an  experimental  investigation  of  methane  MILD  oxy- 
combustion  with  different  inert  gases  (N2/02  and  C02/02)  and  02 
concentrations  (21  vol%  and  18  vol%).  The  result  demonstrated  that 
by  eliminating  the  influences  of  molar  heat  capacity,  C02  dissocia¬ 
tion  and  thermal  radiation,  the  effects  of  high  C02  concentrations 
on  combustion  rates  can  be  attributed  to  its  participation  in  the 
chemical  reactions.  An  increase  of  02  led  to  a  reduction  of  this  im¬ 
pact.  Despite  the  above  investigations,  the  basic  information  on  the 
MILD  oxy-combustion  is  still  sparse  and  calls  for  more  research. 

To  help  address  the  above  deficit,  the  present  study  is 
designated  to  investigate  the  detailed  performance  and  stability 
characteristics  of  a  parallel  jet  burner  system  operating  at  a  labora¬ 
tory-scale  MILD  combustion  furnace  burning  NG,  LPG  and  C2H4 
with  air  or  02/C02  mixture.  This  is  achieved  through  the  measure¬ 
ments  of  in-furnace  temperatures,  exhaust  emissions  and  stability 
limits.  The  NOx  formation  mechanisms  are  investigated  from  the 
computational  fluid  dynamic  (CFD)  simulation.  Effects  of  the  initial 
mass  fraction  of  C02,  equivalence  ratio,  burner  configuration,  fuel 
type,  and  thermal  field  are  also  discussed.  Finally,  the  stability  lim¬ 
its  of  MILD  oxy-combustion  at  different  oxidant  mixtures  are  pre¬ 
sented  with  discussion. 
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all  cases.  The  other  four  measurement  points  along  the  axial 
centerline  of  the  furnace  are  also  selected  as  temperature  measure¬ 
ment  locations  T2-T5  in  Fig.  1.  The  exhaust  temperature  is  mea¬ 
sured  with  a  stainless  steel  sheath  type  K  (Ni-Cr)  thermocouple. 
Global  emission  levels  of  CO,  C02,  NO,  N02,  and  02  are  measured 
using  a  TESTO  350  XL  portable  gas  analyzer.  While  uncertainties 
of  the  mean  temperatures  measured  by  thermal  couples  are  about 
±4  K,  the  analyzer  measurement  accuracies  are  estimated  to  be: 
[02]  =  ±0.8%  of  measured  value,  [CO]  =  ±10  ppm  or  5%  of  measured 
value  (whichever  is  the  smallest),  [NO]  =  ±5  ppm,  [N02]  =  ±5  ppm, 
and  [C02]  =  ±0.3%  of  measured  value.  The  analyzer  is  checked  with 
a  calibration  gas  to  yield  total  NO*  emissions  accuracies  better  than 
±5  ppm.  Total  NO*  emission  (NO  +  N02)  concentrations  are  re¬ 
ported  by  volume  on  a  dry  basis  corrected  to  3%  02  concentration. 
By  correcting  to  a  specific  02  level,  true  comparisons  of  emissions 
levels  can  be  made  because  the  effect  of  various  degrees  of  dilu¬ 
tions  has  been  removed,  while  still  retaining  a  familiar  mole-frac- 
tion-like  variable. 

The  furnace  is  operated  with  a  thermal  input  of  13  kW  using 
three  different  gaseous  fuels,  i.e.,  NG,  LPG,  and  C2H4.  Two  alterna¬ 
tive  fuel  nozzles  with  different  inner  diameter  are  used,  namely 
Df=2.0mm  and  D/=4.0mm.  The  global  equivalence  ratio  (<£) 
ranges  from  0.5  to  1 .4.  The  equivalence  ratio,  <P,  is  defined  as 


Burner  Block 


Fig.  1.  Schematic  figure  of  the  MILD  combustion  furnace  (mm  in  unit). 


2.  Experimental  details 

The  present  study  uses  a  laboratory-scale  MILD  combustion  fur¬ 
nace  (MCF),  shown  in  Fig.  1 .  The  detail  of  the  furnace  at  the  Univer¬ 
sity  of  Adelaide  has  been  given  elsewhere  [42-45]  and  only  a  brief 
description  is  provided  here.  The  combustion  chamber  is  well  insu¬ 
lated  with  four  layers  of  38  mm  thick  high-temperature  ceramic 
fibre  boards,  which  allows  only  about  20%  of  the  total  heat  input 
to  be  conducted  through  the  walls.  This  assists  with  the  establish¬ 
ment  and  stability  of  the  MILD  regime,  and  results  in  a  warm-up 
time  of  about  1.5  h  from  a  cold  state  to  steady-state  operation. 
The  MCF  has  five  openings  which  are  equally  spaced  vertically 
down  three  sides  of  the  furnace  as  shown  in  Fig.  1 .  These  openings 
can  accommodate  interchangeable  insulating  window  plugs  or  UV 
grade  fused  silica  windows.  Two  U-shaped  cooling  tubes  with  var¬ 
iable  heat  exchange  areas  are  used  to  control  the  heat  load.  The 
heat  exchangers  can  be  inserted  through  any  of  the  window  open¬ 
ings,  but  for  this  investigation  they  are  positioned  in  windows  A3 
and  C3  and  their  exposed  surface  areas  are  0.03  m2  each.  These 
heat  exchangers  remove  4.01  kW,  4.46  kW  and  4.93  kW  of  heat 
on  average  for  the  firing  rates  of  P=7.5kW,  lOkW  and  15  kW, 
respectively. 

The  time-averaged  furnace  reference  temperature  (Tre/)  is  mea¬ 
sured  with  a  bare,  fine-wire  type  R  (Pt-PH3%Rh)  thermocouple 
of  254  pm  diameter  wire  and  1.2  mm  bead  diameter  at  steady- 
state  conditions  at  the  location  denoted  as  T1  in  Fig.  1  (x  =  0, 
y  =  0,  z  =  542.5  mm).  This  position  is  chosen  because  it  is  located 
in  the  post  combustion  zone  [43]  and  is  expected  to  have  only 
products  of  the  combustion  and  hence  offer  a  reference  point  for 


<t  = 


Mis  raic 

( O/F ) 


Note  that  the  O/F  is  the  oxidant-fuel  ratio.  The  fuel,  air,  02  and 
C02  are  introduced  into  the  furnace  at  room  temperature  (288  K). 
The  burner  system  consists  of  a  single  central  tube  (D0  =  7.2  mm) 
located  on  the  axis  of  the  furnace,  four  side  fuel  nozzles  (D/=  2  or 
4  mm)  and  four  exhaust  ports  (Dex  =  26.6  mm)  arranged  symmetri¬ 
cally  in  a  ring  pattern  on  the  same  wall,  see  Fig.  1.  When  NG  is  used 
as  fuel,  the  air  or  02/C02  is  introduced  into  the  furnace  from  the 
central  nozzle  (C02  is  premixed  with  the  oxidant  prior  to  its  injec¬ 
tion).  When  LPG  or  C2H4  is  used  as  fuel,  if  the  C02  is  premixed  with 
oxidant,  the  MILD  combustion  cannot  occur  no  matter  how  much 
C02  is  in  use  for  the  dilution  of  oxidant.  Therefore,  air  and  02  are 
injected  from  the  central  nozzle  while  LPG  or  C2H4  is  premixed 
with  C02  from  the  side  nozzles.  Table  1  summarizes  all  test  condi¬ 
tions  of  the  present  experiments. 


3.  Results  and  discussion 

3.3.  Effect  of  the  external  C02  dilution 

In  order  to  investigate  the  influence  of  the  C02  dilution,  the 
physical  properties  of  C02,  N2,  02,  H20,  and  CH4  at  273  K  and 
1  atm  are  displayed  in  Table  2.  It  is  deduced  that  fuel  dilution  by 
C02  increases  the  flue  gas  density,  volume  flow  rate  and  heat 
capacity  but  decreases  the  kinematic  viscosity,  thermal  conductiv¬ 
ity  and  mass  diffusivity.  The  jet  momentum  rate  of  the  flue  gas  is 
calculated  as  J  =  f  pU2  dA,  where  p,  U,  and  A  denote  the  flue-gas 
density,  velocity  and  nozzle  exit  area,  respectively.  When  the  fuel 
is  diluted  with  more  C02,  the  increased  p  and  U  will  cause  an  in¬ 
crease  of  J,  and  thus  lead  to  stronger  internal  exhaust  gas  recircu¬ 
lation.  The  increased  jet  flow  rate  (or  jet  velocity)  can  also  increase 
the  strain  rate  near  the  fuel  nozzle.  Previous  investigations,  e.g., 
[44,45],  indicated  that  the  strong  recirculation  and  high  strain  play 
a  significant  role  in  achieving  MILD  combustion.  Indeed,  this  is 
observed  in  the  present  experiment.  Figure  2  shows  flame  images 
taken  for  D/=  2  mm  and  using  LPG  as  fuel  at  <P  =  0.92.  The  effect  of 
the  C02  mass  fraction  in  the  fuel  stream  on  the  visibility  of  the 
flame  is  obvious:  as  C02  is  increased,  the  flame  becomes  less  visible 
and  finally  invisible  at  YfC02  =  60%  (Y{ 02  denotes  the  initial  mass 
fraction  of  C02  in  the  fuel  jet).  Figure  2a-d  shows  well-defined 


936 


P.  Li  et  al./ Combustion  and  Flame  160  (2013)  933-946 


Table  1 

Summary  of  all  test  conditions. 


Fuel 

D0  (mm) 

D/  (mm) 

0 

y{02  (%)3 

^C02  (^)b 

f/(kgm/s2)c 

Jo  (kg  m/s2)d 

Modee 

NG 

7.2 

2 

0.5-1 

0 

0-70 

0.0067 

0.0114-0.5231 

M  or  F 

26 

2 

1 

0 

0 

0.0067 

0.0013 

F 

7.2 

4 

0.5-1 

0 

0-70 

0.0017 

0.0114-0.5231 

F 

LPG 

7.2 

2 

0.5-1 

0-92 

0 

0.0033-0.5673 

0.0089-1.3756 

M  or  F 

7.2 

4 

0.5-1 

0-92 

0 

0.0008-0.1418 

0.0089-1.3756 

F 

ETH 

7.2 

2 

0.5-1 

0-90 

0 

0.0049-0.3345 

0.0085-0.9553 

M  or  F 

7.2 

4 

0.5-1 

0-90 

0 

0.0012-0.0836 

0.0085-0.9553 

F 

a  Y™  denotes  the  mass  fraction  of  C02  in  the  oxidant  mixture. 
b  ^co2  represents  the  mass  fraction  of  C02  in  the  fuel  mixture. 
c  _/•  denotes  the  fuel  jet  momentum  rate. 
d  ]„  represents  the  oxidant  jet  momentum  rate. 

e  M  and  F  denote  the  MILD  combustion  mode  and  flame  mode,  respectively. 


Table  2 

Some  physical  properties  of  C02,  N2,  02,  H20  and  CH4  at  273  K  and  1  atm  [46], 


Property 

Unit 

IN 

o 

u 

N2 

02 

H20 

ch4 

Density,  p 

kg/m3 

1.98 

1.25 

1.43 

0.83 

0.72 

Volumetric  heat  capacity,  cp 

kj/(m3  K) 

1.62 

1.30 

1.32 

1.49 

1.55 

Kinematic  viscosity,  ox  106 

m2/s 

7.09 

13.30 

13.60 

10.12 

14.50 

Thermal  conductivity,  X  x  102 

W/(m  K) 

1.37 

2.49 

2.50 

1.62 

3.02 

Absorptivity/emissivity 

>0 

«0 

«0 

>0 

>0 

Mass  diffusivity  in  air,  a  x  105 

m2/s 

1.38 

- 

1.78 

2.2 

1.96 

/ 

Big  flame 

Flames 

\/ 

Flames 

Flames 

0 

L  A 

ad 

No  flame,  MILD 

Ycf0  2  =  0% 

10% 

20% 

40% 

60% 

(a) 

(b) 

(C) 

(d) 

(e) 

Fig.  2.  Effect  of  C02  dilution  on  the  MILD  oxy-combustion  of  LPG  with  Df=  2  mm  and  <P  =  0.92.  Y{:02  is  the  mass  fraction  of  the  C02  in  the  fuel  jet. 


flames  attached  to  the  fuel  nozzles.  This  suggests  that  the  LPG/C02 
flow  strain  rates  are  quite  low  and  a  reaction  is  sustained  at  low- 
oxygen  and  high  temperature  surrounding.  Increasing  the  C02 
fraction  in  the  fuel  stream,  the  flow  strain  rate  and  speed  are  both 
increased  to  sufficiently  high  values  for  the  standard  flame  to 
‘extinguish’  so  that  the  combustion  becomes  invisible,  i.e„  MILD 
oxy-combustion  occurs.  When  the  MILD  oxy-combustion  is  estab¬ 
lished  (Fig.  2e),  the  thermal  field  becomes  more  uniform  and  the 
NO*  emission  decreases  from  beyond  200  ppm  to  below  60  ppm. 
The  MILD  combustion  in  the  present  experiments  is  defined  as 
the  combustion  where  there  is  no  visible  flame  front  at  all. 

Figure  3  shows  the  effect  of  the  jet  momentum  rate  (/„)  by  add¬ 
ing  C02  in  the  oxidant  stream  for  the  NG  flame  at  <P  =  0.95.  As 
noted  before,  the  temperature  measurements  inside  the  furnace 
use  the  five  thermocouples  T1  to  T5  aty  =  0  mm,  see  Fig.  1.  Also  gi¬ 
ven  on  the  plot  is  the  adiabatic  flame  temperature  (Tad),  calculated 
from  CHEMKIN  with  a  chemical  equilibrium  mode,  to  check  the 
temperature  trend  against  Ja.  A  detailed  kinetic  mechanism  opti¬ 
mized  by  Glarborg  et  al.  [47]  for  the  application  in  oxy-combustion 
is  used  for  calculations  of  Tad  when  firing  CH4  and  C2FLi  whereas 
that  developed  by  Wang  et  al.  [48]  is  utilized  for  C3Hg. 

Figure  3  demonstrates  that,  when  the  MILD  combustion  occurs, 
both  the  average  temperature  and  the  NOx  emission  decease  as  the 
C02  level  rises.  The  physical  reason  is  noted  above,  i.e.,  the  C02 


addition  increases  both  the  jet  momentum  and  heat  capacity  of 
the  flue  gas.  The  C02  increase  is  also  expected  to  affect  the 
chemistry  of  the  NO  formation.  However,  previous  investigations 
[4,49-51  ]  have  suggested  that  the  chemical  effect  is  less  significant 
than  the  physical  effect.  Liu  et  al.  [49]  found  that  the  presence  of 
C02  significantly  reduces  the  local  concentrations  of  O  and  H 
radicals,  thus  reducing  the  overall  combustion  rate.  Park  et  al. 
[50]  observed  that  the  prompt  NO  and  thermal  NO  emissions  are 
suppressed  by  the  recirculated  C02  and  the  chemical  effect.  More¬ 
over,  under  the  fuel-lean  condition,  high  C02  concentration  slightly 
lowers  NO  emissions  and  so  the  chemical  effect  of  C02  is  not  signif¬ 
icant  on  NO  emission  [51], 

For  Y°C02  =  70%  (  Yqq2  denotes  the  mass  fraction  of  C02  in  the 
oxidant  jet),  although  the  in-furnace  temperature  is  not  as  uniform 
as  the  cases  of  Y£02  =  53%  and  66%  (Fig.  3),  the  temperature  differ¬ 
ence  (<150  K)  is  far  below  that  of  the  conventional  flame.  Note  that 
the  present  values  of  Tad  (adiabatic  flame  temperature)  given  in 
Figs.  3,  4,  7  and  8  are  higher  than  the  value  («2226  I<)  for  the  stan¬ 
dard  case  of  burning  NG  and  air  at  constant  pressure  because  high¬ 
er  oxygen  fractions  are  taken  in  the  present  experiments.  It  is  also 
worth  mentioning  that  the  CO  emission  level  is  below  the  detec¬ 
tion  threshold  of  the  gas  analyzer,  thus  not  recorded. 

Figure  4  reports  the  similar  results  for  the  cases  of  firing  LPG 
(side  jets)  and  pure  oxygen  (central  jet).  The  data  are  obtained  at 
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Fig.  3.  Effects  of  the  initial  momentum  rate  of  oxidant  jet  (J0)  on  (a)  the  furnace  temperatures  and  (b)  exhaust  emissions  of  NG  MILD  oxy-combustion  at  <Z>  =  0.95.  Y°CQ2  is  the 
mass  fraction  of  the  C02  in  the  oxidant  jet  and  Tad  is  the  adiabatic  flame  temperature. 
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Fig.  4.  Effects  of  the  initial  momentum  rate  of  LPG/C02  mixture  (/,)  on  (a)  the  furnace  temperature  and  (b)  exhaust  emissions  of  the  MILD  oxy-combustion  at  <!>  =  1.0.  Yfc02  is 
the  mass  fraction  of  C02  in  the  fuel  jet. 


<P  =  1.0  (02/C02  atmosphere)  and  nearly  zero  02  level  in  the  ex¬ 
haust  are  measured.  Correspondingly,  the  C02  concentration  in 
the  flue  gas  is  approximately  100%  if  the  condensation  of  H20  is 
made,  so  that  the  flue  gas  can  be  captured  directly  for  CCS. 

3.2.  Effect  of  equivalence  ratio 

Figure  5a-c  shows  the  effect  of  equivalence  ratio  ( <P )  on  NG 
oxy-combustion.  Flame  images  are  taken  at  Y°C02  =  0%.  30%  and 
60%  and  compared.  Here,  the  mixture  of  C02  and  02  is  discharged 
through  the  central  jet  nozzle.  Evidently,  as  either  <P  or  Y°C02  is 
increased,  the  flame  becomes  less  visible.  It  is  deduced  that,  for  a 
fixed  value  of  Y°C02,  an  increase  in  leads  to  a  transition  from 
the  standard  flame  to  the  MILD  mode.  One  would  therefore  expect 


that,  when  Y°C02  is  fixed,  there  should  be  a  critical  value  of  <P,  below 
which  the  MILD  oxy-combustion  cannot  take  place.  Similarly,  for  a 
constant  <P,  a  critical  value  of  Y°C02  should  exist,  below  which  the 
MILD  oxy-combustion  is  also  unable  to  occur.  Figure  5a  indicates 
that  the  MILD  oxy-combustion  can  be  achieved  even  when  using 
pure  oxygen  (Y°C02  =  0)  at  «  1.0.  Such  conditions  point  to  the 
effectiveness  of  the  internal  recirculation  of  combustion  products 
to  sustain  MILD  combustion  with  pure  02. 

The  influence  of  equivalence  ratio  on  the  in-furnace  mean  tem¬ 
peratures  and  exhaust  NOx  emissions  is  presented  in  Fig.  6,  when 
firing  NG  and  pure  oxygen  (^02  =  0).  The  in-furnace  mean  tem¬ 
perature  is  obtained  by  averaging  the  temperatures  measured  by 
the  five  thermocouples  T1-T5  (Fig.  1)  at  y  =  0  mm.  For  Y£02  =  0% 
and  <£  varying  from  0.5  to  0.7,  there  are  large  visible  flame  sheets 


938 


P.  Li  et  al./ Combustion  and  Flame  160  (20 13)  933-946 


Fig.  5.  Images  showing  the  effect  of  equivalence  ratio  on  the  in-furnace  appearance  of  02/C02  combustion  at  different  initial  mass  fractions  of  C02  (Y°c02)  in  the  oxidant 
stream.  NG  is  the  fuel  discharging  from  the  four  side  nozzles  while  the  02/C02  mixture  acts  as  oxidant  issuing  through  the  central  nozzle. 
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Fig.  6.  Effect  of  equivalence  ratio  on  the  mean  in-furnace  temperature  (T)  and  NO, 
emissions  of  oxy-combustion  of  NG  and  oxygen  (VJ02  =  0). 


in  the  furnace  (Fig.  5a)  and  NOx  emissions  are  greater  than 
500  ppm  (not  shown  on  Fig.  6).  When  0  is  increased  from  0.8  to 
0.9,  the  flame  volume  decreases  but  the  flame  attached  to  the  fuel 
nozzle  is  still  clearly  visible  (Fig.  5a),  the  NOx  emissions  are  mea¬ 
sured  as  338  and  142  ppm,  respectively.  As  the  equivalence  ratio 
is  increased  to  1.0,  the  flame  becomes  invisible  (Fig.  5a)  and  the 
NOx  emission  decreases  to  32  ppm.  The  switch  from  the  conven¬ 
tional  oxy-fuel  mode  to  the  MILD  mode  occurs  at  0  >  1.0.  Interest¬ 
ingly,  the  average  temperatures  at  0  =  0.9  (conventional)  and 
0  =  1.0  (MILD)  are  1352  K  and  1371  K,  corresponding  to  the  NOx 
emissions  of  142  ppm  and  32  ppm,  respectively.  That  is,  the  NOx 
emissions  decrease  as  the  mean  temperature  increases  due  to  the 
mode  switch.  In  other  words,  higher  temperatures  and  lower  NOx 
emissions  are  simultaneously  achieved  in  the  MILD  combustion 
mode.  This  interesting  result  suggests  that  the  thermal  NO  route 
should  not  be  critical  in  MILD  combustion.  Therefore,  the  prompt 
NO  and/or  N20  intermediate  mechanisms  are  expected  to  be 


important  especially  at  the  temperature  range  of  1300 1<  to 
1400  K,  which  will  be  discussed  in  more  detail  in  Section  4.1. 

For  the  MILD  oxy-combustion  with  NG  as  a  fuel  and  0  %  1.0,  CO 
emission  levels  are  below  the  detection  threshold  of  the  gas  ana¬ 
lyzer  and  thus  they  are  not  recorded.  However,  when  <£«il.03, 
although  the  NOx  emission  is  still  low,  very  high  CO  emission 
(>500  ppm)  is  measured.  For  <£  =  1.24,  the  combustion  is  still  in 
the  MILD  mode  and  NOx  emissions  are  still  low  (Fig.  6),  but  the 
CO  emission  is  extremely  high  (>3000  ppm).  In  this  sense,  the  crit¬ 
ical  equivalence  ratio  is  <£critf»1.03  for  the  non-premixed  MILD 
oxy-combustion  above  which  there  is  a  steep  rise  in  the  CO 
emission.  The  critical  value  of  <£mt  was  also  observed  in  the  non- 
premixed  MILD  air-combustion  by  Szego  et  al.  [42,43]  and  in  pre¬ 
mixed  MILD  air-combustion  by  Li  et  al.  [44],  Interestingly,  <£cnt  is 
around  0.98  and  0.90,  respectively,  for  the  premixed  and  non-pre¬ 
mixed  MILD  air-combustions.  That  is,  <£mt  appears  to  be  higher  for 
the  MILD  oxy-combustion  than  for  the  MILD  air-combustion.  Such 
difference  suggests  that  the  high-efficiency  of  combustion  may 
sustain  over  a  wider  range  of  <£  for  the  former  than  the  latter.  Note 
that  all  the  above  experiments  used  the  same  furnace  and  similar 
burner  configuration.  Szego  et  al.  [42,43]  used  D0  =  26.6mm, 
Df=  2  mm,  P=  15  kW  and  NG  as  fuel,  while  Li  et  al.  [44]  burned 
NG  at  D0  =  7.2  mm  and  P  =  7.5  and  10  kW. 

Figure  7  presents  the  effects  of  equivalence  ratio  on  the  in-fur¬ 
nace  temperature  and  exhaust  emissions  from  the  MILD  combus¬ 
tion  when  using  LPG  as  fuel  at  y{02  =  60%.  Note  that  the  air  is 
injected  through  the  central  nozzle,  while  the  fuel  and  C02  are  dis¬ 
charged  through  the  four  side  nozzles.  It  can  be  seen  that,  as  the 
equivalence  ratio  is  increased  significantly  from  <£  =  0.52  to 
0  =  0.86,  the  centreline  temperature  increases  slightly  by  about 
10%  whereas,  interestingly,  the  NOx  emissions  decrease  by  about 
25%.  Moreover,  when  LPG  is  used  at  <£  =  0.92,  the  MILD  oxy- 
combustion  can  be  achieved  by  using  pure  oxygen,  with  only 
30  ppm  NOx  emitted.  When  using  C2H4,  the  temperature  rise  due 
to  increasing  <£  is  even  smaller  (just  about  6%,  Fig.  8)  but  the  NOx 
emission  decreases  significantly  from  approximately  106  ppm  to 
30  ppm.  Therefore,  there  is  a  decrease  of  NOx  emissions  when  <£ 
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Fig.  7.  Effect  of  equivalence  ratio  on  (a)  the  temperatures  and  (b)  exhaust  emissions  of  MILD  air-combustion  by  using  LPG  as  fuel  at  YfC02  =  60%. 
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Fig.  8.  Effect  of  equivalence  ratio  on  (a)  the  temperatures  and  (b)  exhaust  emissions  of  MILD  combustion  by  using  C2H4  as  fuel  at  Yfc02  =  60%. 


increases  from  0.5  to  1.  irrespective  of  the  variation  of  fuel  type, 
although  the  temperature  is  increased.  This  re-enforces  the  minor 
role  that  thermal  NO  route  plays  in  the  total  NOx  emission.  In  other 
words,  some  other  NOx  formation  mechanisms  may  exist  in  the 
MILD  combustion  (see  more  discussions  in  Section  4.1). 

3.3.  Effect  of  the  burner  configuration 

This  study  uses  two  nozzle  diameters,  i.e.  Df=  4  mm  and  2  mm, 
for  the  four  fuel  jets.  When  Df=4  mm,  the  MILD  oxy-combustion 
cannot  be  established  for  any  fuel  because  of  the  low  injection 
speed  or  momentum  rate  as  explained  in  the  earlier  publications, 
e.g.,  [42,43].  On  the  other  hand,  for  Df  =  2  mm,  the  MILD  combus¬ 
tion  occurs  when  firing  NG.  However,  when  changing  the  fuel  to 
LPG  or  C2H4,  the  flame  becomes  visible,  which  is  believed  to  derive 


from  lower  rate  of  the  injection  momentum  rate  (see  Table  3); 
therefore,  the  establishment  of  their  MILD  combustion  requires 
the  fuel  dilution  with  C02,  which  is  described  in  Section  3.4. 

The  nozzle  configurations  of  fuel  and  oxidant  jets  also  influence 
the  MILD  oxy-combustion  performance.  For  example,  for  LPG,  at 
the  thermal  input  of  13  kW  and  equivalence  ratio  of  0.8,  the  MILD 
combustion  can  be  established  by  diluting  LPG  using  C02  through 


Table  3 

Fuel  properties  of  investigation. 


Fuel 

P  (kg/m3) 

h  x  10-4  (kj/kg) 

Jfx  103  (kg  m/s2) 

ch4 

0.77 

4.65 

6.70 

LPG 

2.01 

4.64 

3.33 

c2h4 

1.26 

4.72 

4.86 
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the  side  nozzles,  while  it  cannot  be  achieved  when  premixing  C02 
and  02  in  the  central  jet  nozzle.  This  can  be  explained,  in  combus¬ 
tor  systems,  the  momentum  rate  of  fuel  jet  is  usually  weaker  than 
that  of  oxidant  jet,  which  is  usually  termed  as  the  ‘weak  jet’  and 
‘strong  jet’  problem  [52].  In  this  situation,  raising  the  ‘strong  oxi¬ 
dant  jet’  momentum  rate  by  adding  C02  plays  a  minor  role  in 
changing  the  strain  rate  of  the  fuel  jet.  However,  increasing  the 
‘weak  fuel  jet’  momentum  rate  is  significantly  different,  increasing 
the  jet  strain  rate,  and  finally  extinguish  the  flame  front  attaching 
to  the  fuel  nozzle  and  thus  establish  MILD  combustion  (Fig.  2). 
Therefore,  in  the  present  parallel  jet  burner  system,  the  fuel  jet 
momentum  rate  plays  a  more  important  role  in  establishing  MILD 
combustion  than  that  of  the  oxidant  jet.  In  addition,  the  increased 
strain  rate  near  the  fuel  nozzle  also  strengthens  the  small  scale 
mixing  of  reactants  [53],  and  thus  suppresses  soot  production  [37]. 

Moreover,  the  diameter  of  the  central  oxidant  nozzle  (D0)  influ¬ 
ences,  although  much  less  relative  to  the  fuel  jet,  the  stability  of 
the  MILD  oxy-combustion.  For  the  present  parallel  burner  configu¬ 
ration,  the  MILD  oxy-combustion  ( Y°02  =  100%)  can  be  achieved  at 
thwl.O,  P=13kW  and  D„  =  7.2mm.  When  changing  D0  from 
7.2  mm  to  26  mm,  MILD  oxy-combustion  cannot  be  reached.  How¬ 
ever,  when  using  air  instead  of  pure  oxygen  as  oxidant,  the  MILD 
combustion  can  be  established  at  D0  =  26  mm.  The  decrease  of  D0 
raises  the  oxidant  jet  momentum  and  then  enhances  the  recircula¬ 
tion  of  internal  exhaust  gas,  thus  enhancing  the  internal  dilution 
process.  It  follows  that,  when  increasing  the  initial  oxygen  level, 
the  higher  oxidant  jet  momentum  and  the  stronger  exhaust  gas 
recirculation  are  required  for  the  MILD  combustion,  which  is  fur¬ 
ther  discussed  in  Sections  3.6  and  4.2. 

3.4.  Effect  of  fuel  type 

Our  experiments  demonstrate  that,  for  the  same  equivalence 
ratio  and  C02  dilution  level,  the  combustion  mode  can  be  different 
if  various  fuels  are  used.  For  example,  when  firing  NG  at  Df=  2  mm, 
the  MILD  combustion  is  achieved  without  any  dilution.  However, 
when  LPG  or  C2H4  is  used  with  Df=  2  mm,  if  the  fuel  is  not  pre¬ 
mixed  with  enough  C02,  the  MILD  combustion  cannot  occur,  even 
with  quite  a  large  amount  of  C02  to  dilute  the  central  oxygen  jet. 

The  effect  of  changing  fuel  on  the  occurrence  of  MILD  combus¬ 
tion  may  result  from  different  fuel  injection  momentum  rates.  To 
explain  this,  Table  3  shows  the  density  (p),  lower  heating  value 
( h )  of  each  fuel  considered  and  the  injection  momentum  rate  (Jf) 
without  dilution.  Obviously,  the  three  fuels  share  nearly  the  same 
value  of  h.  For  the  present  investigation,  when  all  the  fuels  are 
burnt  at  P  =  13  kW,  their  mass  flow  rate  (Mf)  is  nearly  identical, 
i.e.  Mf=  P/h  2.8  x  10~4  kg/s.  Therefore,  the  different  fuel  injection 
momentum  rates  result  nearly  solely  from  their  different  densities 
because 

where  C  is  approximately  constant. 

As  shown  in  Table  3,  the  momentum  rate  of  NG  is  greatly  higher 
than  those  of  LPG  and  C2H4.  This  agrees  with  the  above  observation 
and  the  effect  of  Jf  observed  in  Section  3.1 :  i.e.,  the  MILD  mode  oc¬ 
curs  with  NG  but  not  with  LPG  and  C2H4.  It  is  also  interesting  that 
the  MILD  combustion  of  burning  LPG  cannot  occur  when  diluting 
fuel  by  C02  even  at  Y{02  =  20%  but  occurs  at  Y{-02  =  27%,  see 
Fig.  2.  Note  that  Jfzz  5.22  x  103  kg  m/s2  for  Y{.02  =  20%  while 
J/ta  6.28  x  103  kg  m/s2  for  Y{02  =  27%.  The  latter  momentum 
rate  is  fairly  close  to  that  (Jf  fa  6.70  x  103kgm/s2)  of  the  NG  jet 
without  dilution.  Differently,  however,  the  MILD  combustion  of 
C2H4  cannot  take  place  at  Y{02  =  25%  but  can  at  Y{02  =  30%. 
Importantly,  the  momentum  rates  (7.85  x  103  and  8.83  x 


103  kg  m/s2)  in  these  two  cases  are  both  greater  than  that  of  NG 
without  dilution,  one  by  18%  and  the  other  by  31%.  Our  previous 
work  [45]  has  found  that  there  is  a  critical  value  for  Jf  above  which 
the  MILD  mode  is  established.  In  this  context,  it  is  anticipated  that 
the  critical  momentum  rate  for  burning  C2H4  is  higher  than  that  of 
NG  or  LPG  while  those  for  the  latter  two  are  approximately  identi¬ 
cal.  Such  distinctions  are  believed  to  result  from  their  different 
reactivities.  The  reactivity  of  C2H4  as  an  alkene  member  should 
be  higher  than  those  of  CH4  and  C3H8  as  two  alkane  members. 
Hence  it  is  suggested  that  the  MILD  combustion  achieved  from 
burning  a  fuel  with  a  higher  reactivity  should  require  a  higher 
injection  momentum  rate  (thus  a  higher  critical  value). 

3.5.  Effect  of  furnace  temperature  on  NOx  emissions 

Figure  9  shows  the  relationship  between  the  NOx  emission  and 
the  furnace  reference  temperature  (Tre/,  obtained  at  T1  in  Fig.  1 )  un¬ 
der  all  the  MILD  oxy  conditions,  i.e.,  only  diluted  by  C02,  for  NG, 
C2H4  and  LPG  as  fuel.  The  origin  of  nitrogen  is  in  the  fuel  stream 
with  NG  and  LPG  containing  N2,  respectively,  of  1.28%  and  0.73% 
by  volume.  The  nitrogen  content  of  C2H4  is  unknown  but  expected 
to  be  slightly  less  than  1.0%.  Worth  noting  is  that  the  furnace  is 
slightly  pressurized  so  that  no  opportunity  is  present  for  outside 
air  to  leak  into  the  furnace.  With  this  in  mind,  it  is  understood  that, 
the  NOx  emission  for  burning  NG  or  C2H4  is  greater  than  that  for 
firing  LPG,  due  to  the  lower  fraction  of  N2  in  LPG.  Since  all  the 
measured  mean  temperatures  are  lower  than  1400  K,  the  instanta¬ 
neous  temperatures  should  not  be  very  high  due  to  the  character¬ 
istic  low  fluctuations  in  the  MILD  combustion.  Therefore,  the 
thermal  NO  accounting  for  the  majority  of  NOx  emissions  under 
the  conventional  flame-visible  mode  [5]  is  suppressed  under  the 
MILD  mode,  and  thus  NOx  emissions  from  the  MILD  combustion 
are  below  60  ppm.  It  appears  that,  for  each  fuel,  NOx  production  re¬ 
mains  constant  until  the  temperature  reaches  a  certain  value  above 
which  the  NOx  emission  increases  rapidly. 

3.6.  Effect  of  oxidant  on  the  thermal  field 

Figure  10a  and  b  shows,  respectively,  the  measured  furnace 
temperature  field  of  the  MILD  air-combustion  in  the  yz-plane 
(Y°02  =  23.2%)  and  that  of  the  MILD  oxy-combustion  ( Y°02  = 
55.3%)  at  4>  =  0.82  with  NG  as  the  fuel.  Also  displayed  on  the  dia¬ 
grams  are  schematically  simplified  reactant  jets  inside  the  furnace, 
like  that  given  in  Ref.  [54].  It  is  shown  that  the  ‘strong’  central 


Fig.  9.  Relationship  between  the  furnace  reference  temperature  ( Tref ,  obtained  at  T1 
in  Fig.  1 )  and  NOx  emission  of  MILD  oxy-combustion  with  NG,  C2H4  or  LPG  as  fuel. 
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Fig.  10.  The  measured  furnace  temperature  (T)  distribution  in  the  yz-plane  at  x  =  0,  accompanied  with  a  simplified  diagram  of  the  flow  field  derived  from  [54],  (a) 
Y°01  =  23.2%  (02/N2  environment)  and  (b)  Y°02  =  55.3%  (02/C02  environment).  NG  is  fired  a L  <l>  =  0.82  for  both  cases. 


oxidant  jet  entrains  surrounding  gases  and  sucks  the  ‘weak’  side 
fuel  jets,  merging  the  latter  downstream. 

For  both  cases,  the  high  temperature  region  is  located  in  the 
lower  part  of  the  furnace.  For  the  MILD  air-combustion  (Fig.  10a), 
the  temperature  is  in  the  range  of  1100-1300  K,  compared  with 
1300-1450  K  for  the  oxy-combustion  (Fig.  10b).  Moreover,  for  both 
cases,  the  thermal  field  is  quite  uniform  as  expected  from  a  distrib¬ 
uted  reaction  in  MILD  combustion.  The  nearly  uniform  thermal  dis¬ 
tribution  of  the  MILD  combustion  is  the  result  of  strong  flue  gas 
recirculation  inside  the  furnace.  For  the  MILD  air-combustion,  the 
main  operation  principle  has  been  well  known  and  lies  in  the  con¬ 
cept  of  exhaust  gas  and  heat  recirculation.  The  recirculated  heat 
from  the  exhaust  gas  is  used  to  raise  the  temperature  of  the  reac¬ 
tant  stream  whereas  the  recirculated  mass  of  the  exhaust  gas 
dilutes  reactants  and  lowers  the  temperature  in  the  reaction  zone. 
This  mechanism  still  holds  for  the  MILD  oxy-combustion.  The  in¬ 
creased  internal  recirculation  enhances  the  convective  heat  trans¬ 
fer  process  [4]. 

However,  the  average  temperature  of  the  MILD  oxy-combustion 
is  higher  than  the  MILD  air-combustion  by  ~200  K.  The  reason  be¬ 
hind  this  relates  to  the  inert  component  of  the  oxidant  stream.  For 
the  former,  the  total  mass  flux  of  the  oxidant  (C02/02,  6.557  kg/h) 
is  less  than  that  of  the  latter  (18.870  kg/h),  and  thus  the  exhaust 
gas  of  the  former  is  hotter  at  the  same  thermal  input  (13  kW). 

The  other  difference  between  the  two  cases  is  that  the  temper¬ 
ature  difference  (AT)  between  the  furnace  wall  (Tw)  and  the  max¬ 
imum  temperatures  (Tma*)  is  lower  for  the  MILD  oxy-combustion. 
For  the  oxy-combustion,  AT  w  1450  K  -  1300  K  =  150  K  (see 
Fig.  10b)  while,  for  the  MILD  air-combustion  with,  AT  «  1300  I<  - 
1100  K  =  200  K  (see  Fig.  10a).  This  is  due  to  the  influence  of  C02 
on  the  radiative  heat  transfer.  Unlike  N2  as  a  symmetric  diatomic 
gas,  C02,  a  triatomic  gas,  is  not  transparent  to  radiation.  Its  partial 
pressure  in  the  flue  gas  is  significantly  higher  in  the  oxy-combus¬ 
tion  than  that  in  the  air-combustion,  and  hence  the  absorptivity 
and  emissivity  of  the  flue  gas  substantially  increases,  resulting  in 
AT  being  lower. 

In  addition,  for  the  MILD  air-combustion,  the  C02  level  in  the 
exhaust  gas  is  8.2  vol%  and  9.6  vol%,  respectively,  before  and  after 
the  condensation  process.  The  C02  level  is  low  due  to  the  addition 
of  N2.  While  for  the  case  of  MILD  oxy-combustion  in  02/C02  envi¬ 
ronment,  the  C02  level  in  the  flue  gas  is  28.6  vol%  and  71.4  vol%, 


respectively,  before  and  after  the  condensation  of  H20.  The  C02  le¬ 
vel  can  be  further  increased  to  greater  than  95%  through  externally 
recycling  the  flue  gas  which  makes  MILD  oxy-combustion  more 
suitable  for  CCS. 

4.  Further  discussion 

4.3.  The  NOx  formation  mechanisms 

Generally,  in  conventional  flames,  NO*  emission  is  mainly 
formed  via  the  thermal  NO  route,  the  NO*  emission  increases  as 
the  flame  temperature  increases.  However,  the  present  experi¬ 
ments  reveal  that,  as  ch  is  increased,  the  furnace  temperature  (T) 
increases,  but  the  NO*  emission  decreases  unexpectedly,  regardless 
of  the  fuel  type.  This  trend  was  also  observed  in  the  MILD  air-com¬ 
bustion  using  the  same  furnace  as  the  present  study  by  Szego  et  al. 
[43],  although  they  did  not  discuss  this  point  in  detail.  Therefore, 
there  is  a  decrease  in  NO*  emission  when  increasing  <P  and  thus 
T,  no  matter  which  fuel  is  used  whether  it  is  in  the  MILD  air-  or 
oxy-combustion. 

In  order  to  better  understand  the  mechanisms  responsible  for 
the  NO*  emission  in  this  combustion  regime,  the  thermal-NO, 
prompt-NO,  N20-intermediate,  NNH  and  NO-reburning  mecha¬ 
nisms  are  considered  in  the  present  investigation.  The  NO  produc¬ 
tion  by  the  oxidation  of  NNH  radicals  was  proposed  by  Bozzelli  and 
Dean  [55].  They  found  that  significant  amounts  of  NO  can  be  pro¬ 
duced  in  combustion  from  N2  via  NNH 

N2  +  H  =  NNH 

The  NNH  radicals  are  oxidized  in  the  subsequent  reaction  with 
O  atoms 

NNH  +  O  =  NH  +  NO 

The  importance  of  NNH  mechanism  has  been  investigated 
through  a  number  of  experimental  and  modeling  studies  [56-63] 
in  premixed  and  non-premixed  flames  of  both  hydrogen 
[58-60,63]  and  hydrocarbon  [56,57,60].  Especially,  Galletti  et  al. 
[57]  recently  found  that  the  NNH  intermediate  route  must  be  taken 
into  account  in  the  MILD  combustion  of  hydrogen  containing  fuels, 
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and  Parente  et  al.  [64]  developed  a  simplified  approach  for  predict¬ 
ing  NO  formation  in  the  MILD  combustion  of  CH4  and  H2  blending 
fuels.  Unlike  the  simplified  theoretical  approaches  based  on  the 
perfectly  stirred  reactor  modeling,  our  investigation  relies  on  the 
computational  fluid  dynamic  (CFD)  simulation  (using  the  FLUENT 
code  [65])  considering  both  the  actual  3-D  configuration  of  the 
present  furnace  and  detailed  chemical  kinematic  mechanisms  of 
the  fuels.  The  modeling  detail  and  validation  can  be  found  in 
[44,45,54]  and  only  a  brief  description  is  provided  below. 

The  standard  k-e  model  with  the  standard  wall  function  is 
taken  for  modeling  the  turbulent  flow.  The  eddy  dissipation  con¬ 
cept  (EDC)  is  used  for  C2H4  and  C3H8  with  the  detailed  reaction 
mechanism  of  Glarborg  et  al.  [47]  and  that  of  Prince  et  al.  [66], 
respectively.  Once  the  flow  and  thermal  fields  have  been  obtained 
from  CFD  and  validated  with  the  experiment,  the  NO  route  paths 
are  calculated  based  on  the  thermal  and  species  fields  of  the  CFD 
results.  The  instantaneous  approach  is  used  to  determine  the  O 
radical  concentration  in  modeling  NO  formations  from  the  thermal 
NO  and  N20-intermediate  routes,  as  well  as  the  OH  radical  concen¬ 
tration  in  thermal  NO  [65],  The  prompt  NO  formation  is  modeled 
following  De  Soete  [67].  The  N20-intermediate  mechanism  is  as¬ 
sumed  at  the  quasi-steady-state  [65],  The  thermal,  prompt  and 
N20-intermediate  routes  are  based  on  kinetic  mechanisms  with 
Arrhenius  equations  integrated  over  a  probability  density  function 
(PDF)  for  temperature  in  order  to  take  into  account  the  effect  of 
turbulent  fluctuations  on  the  mean  reaction  rates.  For  the  NNH 
route,  because  there  is  no  commercial  code  available,  we  use  the 
EDC  model  with  the  NNH  mechanism  [61]  to  simulate  its  produc¬ 
tion  (Table  4). 

Figure  1 1  shows  the  calculated  NO  emission  versus  equivalence 
ratio  (<X>)  from  MILD  combustion  for  two  fuels  C3H8  and  C2H4,  un¬ 
der  the  same  conditions  as  for  those  measurements  shown  in  Figs. 
7  and  8.  The  figure  also  shows  the  contributions  of  various  NO 
mechanisms  to  the  total  NO  emission.  In  this  figure,  triangle  sym¬ 
bols  denote  the  total  NO  emission  considering  all  the  NO  routes 
(i.e.,  thermal,  prompt,  N20-intermediate,  NNH,  and  NO-reburning 
mechanisms),  square  symbols  represent  the  NO  emission  from 
the  sum  of  thermal,  prompt,  N20-intermediate  and  NNH  routes, 
and  circle  symbols  indicate  the  sum  of  thermal,  prompt  and  NNH 
routes.  Evidently,  the  modeling  qualitatively  captures  the  experi¬ 
mental  trend  (Figs.  7  and  8):  i.e.,  the  NO  emission  decreases  with 
increasing  <X>,  despite  the  value  calculated  being  lower.  Fig.  11  also 
demonstrates  that  the  sum  of  NO  formations  from  the  thermal, 
prompt  and  NNH  routes  increases  as  <P  is  increased.  This  can  be 
explained.  For  thermal  NO,  as  <I>  is  increased,  the  temperature 
increases  and  thus  the  thermal  NO  emission  increases,  although 
the  thermal  NO  production  rate  is  extremely  low  in  the  tempera¬ 
ture  range  of  1150-1300  K.  For  the  prompt  NO,  the  NO  formation 
results  via  the  reactions  of  CHX  (e.g.,  CH,  CH2  and  CH3)  radicals  with 
molecular  nitrogen  to  form  HCN,  and  then  HCN  to  convert  to  NO 
through  various  intermediates  [68],  e.g., 

CH  +  N2  «  HCN  +  N 
HCN  +  0  <->  NCO  +  H 


Table  4 

Chemical  reactions  in  the  NHH  mechanism  for  the  NO  formation3  [61], 


A 

n 

E 

1 

NNH  =  N2  +  H 

1.0  x  109 

0.000 

0 

2 

NNH  +  O  =  NH  +  NO 

5.2  x  10” 

0.388 

-409 

3 

NH  +  O  =  NO  +  H 

9.2  x  1013 

0.000 

0 

4 

NH  +  02  =  NO  +  OH 

1.3  x  106 

1.500 

100 

3  The  reaction  rate  coefficient  k  =  AT  exp  (-E/RT),  where  R  is  the  universal  gas 
constant  and  T  is  the  temperature.  Units  are  cm,  mol,  s,  cal. 


NCO  +  H  <->  NH  +  CO 
NH  +  H^N  +  H2 
N  +  OH  <->  NO  +  H 

Note  that  the  first  reaction  is  rate  limiting  step.  Generally,  as  <P 
is  increased,  the  CHX  radical  is  increased  and  thus  the  prompt  NO  is 
increased.  For  the  NNH  route,  the  NNH  intermediate  is  converted 
to  NO  through  the  reactions  [56] 

N2  +  H  (+M)  <->  NNH  (+M) 

NNH  +  0  <->  NO  +  NH 

The  NNH  route  becomes  important  in  fuel  rich  condition  where 
the  concentration  of  H  radicals  is  higher  [60].  Therefore,  the  indi¬ 
vidual  increasing  trends  of  the  thermal,  prompt  and  NNH  routes 
with  <P  indicate  the  trend  of  their  sum.  However,  the  individual 
contributions  of  the  thermal,  prompt  and  NNH  NO  mechanisms 
to  the  total  NO  emissions  are  not  prevailing  under  the  conditions 
investigated  presently.  The  sum  of  the  contributions  from  the  three 
routes  only  accounts  for  5-25%  for  the  investigation  cases.  More¬ 
over,  a  careful  inspection  to  Fig.  11  suggests  that  the  NO  emission 
is  mainly  formed  from  the  N20-intermediate  route.  For  the  inter¬ 
mediate  N20  mechanism,  N2  is  converted  to  N20  and  then  NO 
[56]  via 

N2  +  0  (+M)  <->  N20  (+M) 

0  +  N20  <— >  N2  +  02 

0  +  N20~  no  +  no 

At  the  lower  temperature  and  oxygen-rich  conditions,  the  inter¬ 
mediate  N20  route  is  more  important.  Hence,  as  <P  is  increased,  the 
oxygen  concentration  decreases  and  thus  the  N20-intermediate 
emission  decreases.  It  is  also  deduced  from  Fig.  11  that,  the  NO- 
reburning  mechanism  cannot  be  ignored,  which  reduces  NO  emis¬ 
sion  by  up  to  35%.  The  NO-reburning  mechanism  denotes  a  group 
of  reactions  occurring  in  which  NO  is  reduced  by  hydrocarbon  rad¬ 
icals  (CH,)  [69].  The  reduction  of  NO  by  reburning  is  influenced  by 
fuel  mixing,  temperature,  stoichiometry,  and  gas  residence  time 
[70,71].  Gimenez-Lopez  et  al.  [72]  found  that  higher  NO  reburning 
efficiencies  occur  at  moderately-high  temperature  (1200-1400  K), 
fuel-rich  zone  (although  <  1),  high  reburn  fuel  concentrations, 
low  NO  initial  concentrations  and  low  H20  concentrations.  Mendi- 
ara  and  Glarborg  [69]  found  that  under  stoichiometric  and  fuel- 
lean  conditions,  the  NO  reduction  obtained  in  02/C02  is  higher 
than  in  02/N2  atmosphere.  The  NO-reburning  mechanism  was  also 
evidenced  to  occur  in  the  MILD  combustion  regime  [73-75].  Nicol- 
le  et  al.  [73]  found,  via  chemical  kinetic  modeling,  that  the  NO- 
reburning  reactions  are  particularly  active  in  the  fuel-ignition 
chemistry  and  the  NO  reduction  increases  as  <I>  is  increased  from 
0.5  to  1.5.  The  experimental  evidence  was  also  observed  in  MILD 
combustion  by  Mancini  et  al.  [33]  using  NG  as  fuel  and  Schaffel 
et  al.  [74]  under  the  pulverized  coal  combustion.  Mancini  et  al. 
[33]  found,  through  measurement  and  reactor  network  modeling, 
that  there  was  no  formation  of  NO  within  the  fuel  jet,  where  the 
exhaust  gas  was  recirculated  into  and  the  NO  was  reduced  due 
to  the  fuel-rich  there.  From  experiment  and  CFD  modeling,  Schaffel 
et  al.  [74]  found  a  strong  NO-reburning  existing  downstream  from 
the  position  where  the  fuel  and  air  jets  are  merged.  They  believed 
that  less  NO  was  formed  from  combustion  of  volatiles  and  stronger 
NO-reburning  mechanisms  in  the  MILD  combustion  compared  to 
the  conventional  combustion.  Therefore,  the  NO-reburning  mecha¬ 
nism  is  expected  to  occur  in  the  fuel-rich  zone  and  thus  reduces 
the  global  NO  emission  of  MILD  combustion. 
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Fig.  11.  Calculated  NO  emission  versus  equivalence  ratio  (<P)  from  MILD  combustions  of  (a)  C3H8  and  (b)  C2H4,  under  the  same  conditions  as  for  the  measured  data  in  Figs.  7 
and  8. 


4.2.  Stability  limits 

Wiinning  and  Wtinning  [20]  reported  on  the  stability  limits  of 
the  MILD  combustion  for  methane  and  air.  They  classified  three 
combustion  regimes  (stable  flames,  unstable  flame  and  MILD  com¬ 
bustion)  based  on  the  furnace  temperature  (T)  and  the  relative 
recirculation  rate  I<v  defined  by 

Kv  =  Md/(M0  +Mf) 

Here,  Md  and  (M0  +  Mj)  denote  the  total  mass  fluxes  of  diluents 
and  the  injecting  reactants  (i.e.,  the  oxidant  and  the  fuel),  respec¬ 
tively;  Md  =  Mi  +  Me,  where  Mi  and  Me  are  the  mass  flow  rates  of 
the  internal  entrained  exhaust  gas  and  the  external  diluents.  In  gen¬ 
eral,  it  is  extremely  difficult  to  measure  I(v  by  experiment.  Thus,  for 
the  present  furnace  system,  the  estimate  of  Kv  is  obtained  using  the 
CFD  simulation  [75,76],  Nevertheless,  if  the  combustor  is  specially 
designed  like,  e.g.,  those  in  Refs.  [20,57,77],  Kv  may  be  obtained  by 
the  direct  measurements  of  Md. 

Wiinning  and  Wiinning  [20]  defined  the  flameless  oxidation 
(FLOX)  or  MILD  combustion  regimes  based  on  I(v  >  3  and 
T>11001<  when  using  methane  as  fuel  and  air  as  oxidant.  The 
present  study  has  found  that,  as  the  initial  oxygen  fraction  ( Y°02 )  in¬ 
creases,  more  recirculated  exhaust  gas  is  needed  for  the  MILD  com¬ 
bustion  to  occur.  Accordingly,  the  stability  of  the  MILD  combustion 
is  controlled  also  by  Y°02.  Considering  this,  the  diagram  of  the  sta¬ 
bility  limits  of  the  MILD  combustion  from  Wiinning  and  Wiinning 
[20]  is  modified  to  a  diagram  in  the  K„  -T  -  Y°02  space  for  N2  to  be 
the  diluent,  as  illustrated  in  Fig.  12.  The  stability  boundary  of  the 
MILD  air-combustion  at  Y°02  =  23.2%  (green1  lines)  is  obtained 
from  the  data  of  Wiinning  and  Wiinning  [20]. 

When  Y°02  is  increased,  the  limit  of  I<v  should  be  increased  as 
reasoned  below.  In  the  present  experiments,  for  example,  the  MILD 
air-combustion  ( Y°02  =  23.2%)  occurs  when  the  diameter  of  the 
central  nozzle  is  taken  to  be  D0  =  26  mm,  while  the  MILD  oxy-com- 
bustion  cannot  take  place  at  D„  =  26  mm,  but  occurs  at  Da  =  12  mm 


1  For  interpretation  of  color  in  Fig.  1 2,  the  reader  is  referred  to  the  web  version  of 

this  article. 


for  Y°0 2  =  50%;  the  decrease  in  D0  increases  the  initial  jet  momen¬ 
tum  rate  of  the  mixture  (Ja )  by  about  13  times  from  8.38  x  1CT3 
kg  m/s2  to  10.93  x  10-2  kg  m/s2,  noting  that  J0  =  jp0V20dA  = 
fo°/2  PoU2o  '  2nrdr  =  4m2/(p0nD2),  where  ma  denotes  the  jet  mass 
flow  rate  which  is  kept  constant  in  the  experiment.  Such  a  great  in¬ 
crease  in  Jo  dramatically  boosts  the  internal  recirculation  and  thus 
increases  I(v.  Therefore,  as  Y°02  is  increased,  Kv  has  to  be  increased  in 
order  to  establish  the  MILD  condition  and  hence  the  oxy-enriched 
MILD  combustion  region  is  reduced  in  size  (Fig.  12,  red  lines). 
When  reactants  are  diluted  externally  by  N2  to  achieve  Y°02  =  6% 
before  they  enter  the  furnace,  even  relatively-weak  internal  recir¬ 
culation  or  dilution  can  make  MILD  combustion  to  occur  and  thus 
the  oxy-diluted  MILD  region  is  expanded  (blue  lines).  The  stability 
limits  for  the  oxy-diluted  MILD  combustion  at  Y°02  <  23.2%,  MILD 
air-combustion  at  Y°02  =  23.2%  and  oxy-enriched  MILD  combus¬ 
tion  at  Y°02  >  23.2%  are  delimited  by  the  shadow  surface  and  dis¬ 
played  in  the  I<v-T-Y°02  space  of  Fig.  12.  Note  that  I<v 
represents  both  the  internal  and  external  dilutions  by  recirculated 
exhaust  gases  whereas  Y°02  denotes  the  low-oxygen  fraction  after 
external  dilution  by  diluents  such  as  N2,  C02  or  recycled  exhaust 
gases. 

Furthermore,  as  demonstrated  in  Section  3.2,  the  MILD  com¬ 
bustion  occurs  only  when  sufficiently  high  is  the  equivalence  ra¬ 
tio  (<P)  or  the  external  relative  dilution  rate  ICV  [=Me/(M0  +  Mf), 
where  Me  is  the  mass  flow  rate  of  the  externally  recirculated  ex¬ 
haust  gas  or  other  initial  diluents].  Chen  et  al.  [4]  proposed  sche¬ 
matically  a  flammable  region  diluted  by  N2  or  C02  in  the 
ICv-<t>~Tp  space,  which  is  reproduced  in  Fig.  13  (Tp  denotes 
the  preheat  temperature  of  the  oxidant).  This  flammable  region 
is  extended  to  a  higher  value  of  K‘v  when  reactants  are  preheated 
and  when  d>  is  closer  to  stoichiometric.  The  envelope  of  the 
flammable  region  defines  the  critical  operating  conditions  be¬ 
yond  which  blowout  occurs.  Combustion  becomes  less  stable 
as  the  operating  conditions  approach  the  flammable  surface. 
The  smaller  flammable  region  (surrounded  by  red  lines),  when 
changing  the  dilution  gas  from  N2  to  C02,  is  caused  by  the  lower 
combustion  temperature  resulting  from  the  higher  molar  heat 
capacity  of  C02,  and  the  lower  reaction  rate  caused  by  the  chem¬ 
ical  effect  of  C02  [4]. 
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Fig.  12.  Schematic  diagram  of  the  stability  limits  for  different  combustion  modes  in  the  K„-T  -  Y°02  space.  K„,  T  and  Y°02  denote  the  exhaust  recirculation  rate,  furnace 
temperature  (K)  and  initial  mass  fraction  of  02  (%)  diluted  by  N2,  respectively. 


Fig.  13.  Schematic  diagram  of  the  stability  limits  for  MILD  combustion  in  the  flammable  domain  of  K\,  -  4>  -  Tp  space.  fC* ,  <P  and  Tp  denote  the  external  relative  dilution  ratio, 
equivalence  ratio  and  the  preheat  temperature  of  oxidant,  respectively. 


According  to  the  present  experiments,  the  MILD  combustion 
takes  place  only  when  <P  or  IC„  is  sufficiently  high.  For  instance, 
when  firing  NG  at  Y°C02  =  30%,  the  MILD  combustion  cannot  occur 
when  ^  0.8  but  can  at  <P  >  0.9  (Fig.  5b).  For  Y°C02  =  60%,  the 
MILD  combustion  is  not  established  at  <P  C  0.7  but  occurs  at 
c P  >  0.8  (Fig.  5c).  That  is,  for  a  fixed  value  of  Y°C02,  an  increase  in 
<P  leads  to  a  transition  from  the  standard  flame  to  the  MILD  mode; 
similarly,  for  a  constant  <P,  an  increase  in  Y°C02  causes  a  switch  from 
the  conventional  mode  to  MILD  mode.  Therefore,  the  stability 


limits  of  MILD  combustion  can  be  defined  in  the  flammable  do¬ 
main  of  IC„  -  ®  -  Tp  space,  as  displayed  also  in  Fig.  13.  Interest¬ 
ingly,  when  changing  the  dilution  gas  from  N2  (blue)  to  C02 
(red),  the  MILD  region  extends  significantly  to  lower  <P  and  lower 
K"v  region.  It  is  thus  concluded  that  at  a  fixed  <P,  the  02/C02  MILD 
combustion  is  easier  to  occur  than  the  02/N2  MILD  combustion,  be¬ 
cause  the  less  dilution  is  required  for  the  former  case.  In  addition, 
Fig.  13  suggests  that,  relative  to  the  02/C02  case,  the  02/N2  MILD 
combustion  can  be  sustained  at  a  larger  <P  or  ICV  or  both. 
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5.  Conclusions 

The  present  study  has  investigated  the  operational  characteris¬ 
tics  of  the  MILD  oxy-combustion  using  natural  gas  (NG),  liquefied 
petroleum  gas  (LPG)  and  ethylene  (C2H4)  in  the  combustor  system 
shown  in  Fig.  1.  Specifically,  the  influences  of  equivalence  ratio 
the  diameter  of  the  fuel  nozzle,  C02  dilutions  in  reactants  and  dif¬ 
ferent  fuels  have  been  examined  experimentally.  It  has  been  dem¬ 
onstrated  that  the  MILD  oxy-combustion  can  be  achieved  using  the 
three  fuels,  even  with  pure  oxygen  as  oxidant.  When  the  MILD 
oxy-combustion  is  established,  quite  a  uniform  temperature  distri¬ 
bution  and  very  low  emissions  of  NOx  and  CO  are  obtained.  The 
measured  furnace  temperatures  and  exhaust  emissions  of  MILD 
oxy-combustion  have  been  presented  and  discussed  in  Sections  3 
and  4.  To  analyze  the  NOx  emissions  of  MILD  combustion,  the 
CFD  modeling  has  been  taken  for  burning  C2H4  and  C3H8  (close 
to  LPG),  whose  results  are  given  in  Section  4.1.  The  main  conclu¬ 
sions  with  several  new  findings  are  summarized  below: 

( 1 )  The  initial  fuel  dilution  by  C02  significantly  impacts  the  oxy- 
combustion.  When  the  oxy-combustion  is  in  the  conven¬ 
tional  mode  at  low  C02  levels,  the  dilution  reduces  the  size 
of  visible  flame  and  the  intensity  of  combustion.  Further 
dilution  enhances  the  occurrence  of  MILD  combustion.  In 
the  MILD  region,  more  dilution  can  further  lower  the  fur¬ 
nace  temperature  and  exhaust  NOx  emissions. 

(2)  The  fuel-jet  momentum  rate  is  generally  the  most  critical 
parameter  for  establishing  the  MILD  oxy-combustion.  In 
the  present  furnace  system,  both  the  use  of  a  smaller  diam¬ 
eter  of  the  fuel  nozzle  and  the  fuel  dilution  by  C02  result  in  a 
higher  fuel-jet  momentum  rate  and  thus  promote  the  occur¬ 
rence  of  MILD  combustion.  Similarly,  without  any  dilution, 
MILD  combustion  develops  more  easily  when  burning  NG 
than  using  LPG  and  C2H4  due  to  a  higher  momentum  of 
the  NG  jet. 

(3)  Fligher  fuel-injection  momentum  rates  are  required  for 
burning  higher-reactivity  fuels  for  the  MILD  combustion. 
The  reactivity  of  C2H4  as  the  alkene  member  is  higher  than 
those  of  CH4  and  C3H8  as  the  alkane  members.  Hence,  the 
momentum  rate  for  achieving  MILD  combustion  when 
burning  C2H4  is  greater  than  those  of  NG  and  LPG. 

(4)  The  equivalence  ratio  <P  has  significant  influence  on  the 
MILD  combustion.  At  fixed  C02  dilution  levels,  the  MILD 
condition  can  be  achieved  only  when  <P  is  sufficiently  high. 
When  <P  <  1,  as  <P  is  increased,  the  furnace  temperature  rises 
slightly  but  the  NOx  emission  decreases,  no  matter  which 
fuel  is  burnt  and  which  inert  is  used  for  dilution.  This  find¬ 
ing  cannot  be  explained  when  using  the  traditional  thermal 
NOx  mechanism. 

(5)  Under  the  present  MILD  conditions,  by  the  CFD  modeling, 
the  NO  emission  results  mainly  from  the  intermediate  N20 
route,  rather  than  from  the  thermal,  prompt  and  NNH  NO 
mechanisms;  the  NO  emissions  from  the  latter  three  are 
estimated  altogether  to  be  5-25%  of  the  total  NO  emission. 
As  <P  is  increased,  the  NO  formation  from  the  intermediate 
N20  route  decreases  while  the  NO-reburning  mechanism 
becomes  more  important.  It  is  also  worth  noting  that  the 
NO-reburning  cannot  be  ignored  because  its  presence  may 
reduce  the  total  NO  emission  by  up  to  35%. 

(6)  The  stability  limits  for  the  MILD  combustion  mode  can  be 
illustrated  by  the  I<v  -  T  -  Y°Q2  and  also  the  ICV  -  4>  -  Tp  dia¬ 
grams  (Figs.  12  and  13).  A  stronger  flue  gas  recirculation  is 
needed  for  establishing  the  oxy-enriched  MILD  combustion, 
and  thus  the  oxy-enriched  MILD  combustion  region  is 
reduced  in  Fig.  12  relative  to  the  air-fuel  MILD  combustion. 


In  addition,  when  changing  the  diluents  from  N2  to  C02,  the 
MILD  combustion  region  extends  significantly  to  lower  val¬ 
ues  of  <P  and  lower  external  relative  dilution  rates  (Fig.  13), 
demonstrating  that  the  MILD  02/C02  combustion  is  easier  to 
occur  than  does  the  MILD  02/N2  combustion. 
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